Two-photon excitation experiments were performed to improve understanding of electron-lattice coupling and its effects on intra-3d 3 transitions. Cr 3+ occupies a scandium octahedral site in K 2 NaScF 6 . The transitions studied were 4 A 2g → 4 T 2g and 4 A 2g → 4 T 1ag . Complete spectra were recorded at a temperature of 10 K with the polarization vectorη parallel to the 100 or 110 crystallographic direction. The two bands exhibit different polarization anisotropies and phonon couplings. The electric-dipole-forbidden 4 A 2g → 4 T 2g band appears to be built on an e g -mode false origin and contains Fano antiresonances. This broad transition band lacks a zero-phonon line or any other sharp structure. The 4 A 2g → 4 T 1ag transition zero-phonon line is evident and shows a 163 cm −1 low-temperature phase-transition-induced splitting. It also contains an extended progression of 35 phonon peaks corresponding to a lattice mode with phonon energy 106 cm −1 , and a second progression with phonon energy 310 cm −1 . The very asymmetric phonon side band displays a polarization anisotropy that differs from that of the zero-phonon line. To facilitate analysis of the data, measurements of low-temperature 4 T 2g → 4 A 2g emission spectra with one-photon excitation are also reported and interpreted in the present paper.
Introduction
Two-photon-excitation (TPE) spectroscopy of Cr 3+ :K 2 NaScF 6 was performed to provide a better understanding of electron-lattice coupling and its effects on intra-3d 3 transitions. The present paper describes the experiment and its results. Theoretical approaches used in the analysis of the data are developed in the following paper [1] , henceforth designated II.
There have been several successes recently in the development of wavelength-tunable near-infra-red and infra-red solid-state lasers: Ti:sapphire [2] , Co:MgF 2 [3] , Cr:forsterite [4] , alexandrite [5] , and the chromium-doped colquiriites, LiCAF [6] , LiSAF [7] , and LiSGAF [8] . In all of these cases the transition-metal-ion dopants provide the lasing action.
Trivalent cation dopants in elpasolites substitute for octahedrally coordinated metal ions. This local environment has been exploited recently in correlation crystal field calculations [9] , energy transfer dynamics [10, 11] and other two-photon experiments [12] . Elpasolites have also been used as hosts for Ce 3+ , resulting in excellent scintillator materials [13] . The present material, Cr 3+ :K 2 NaScF 6 , was developed originally as a potential tunable laser material. The relevant processes involved in vibronic lasers are explained in McCumber's work on phonon-terminated four-level lasers [14, 15] . One limitation of this model is the exclusion of electronic states not involved in the lasing, and any effects these states introduce. In the material investigated here, Cr 3+ :K 2 NaScF 6 , the other excited states of the Cr 3+ ion give rise to a broad excited-state-absorption (ESA) band. The ESA severely degrades laser performance by limiting the possible tuning range [16] ; it was suggested that the inclusion of more than one active phonon mode may provide an explanation. In an elaboration of this concept, Caird et al [17] suggested that equal but oppositely directed coupling to degenerate e-modes could account for an observed broad ESA band in Na 3 Ga 2 Li 3 F 12 :Cr 3+ . An objective of the present experiment is to determine whether or not two excited states of Cr 3+ :K 2 NaScF 6 , 4 T 2g and 4 T 1ag , are coupled to the same modes with the same strength. Evidence will be presented here and in the subsequent theoretical paper that a single configuration coordinate does not adequately represent the phonon coupling in the present system.
Apart from their potential as laser materials, chromium-doped halide elpasolites provide model systems for investigating crystal-field and vibronic-coupling effects since the elpasolite structure can accommodate a substitutional trivalent cation impurity in a site of rigorous octahedral symmetry without charge compensation. The electronic states of interest are the 4 A 2g , 4 T 2g and 4 T 1ag states, all derived from the free-ion 3d 3 ground configuration of Cr 3+ as indicated by the Tanabe-Sugano diagram [18] shown in figure 1 , and therefore all of the same parity. Unfortunately, one-photon electric-dipole transitions between states of the same parity are forbidden by the inversion symmetry of the substitutional site. Two-photon electric-dipole transitions are parity allowed, however, and the most relevant advantage of twophoton excitation spectroscopy is its ability to record vibronic spectra unobscured by false origins or other odd-symmetry modes apparent in parity-forbidden one-photon transitions. This advantage, which enables measurement of the coupling of each transition to each even mode of the CrF 3− 6 octahedron, a 1g , e g and t 2g , was exploited in a previous investigation of a closely related material, Cr 3+ :K 2 LiGaF 6 [19] . It will become apparent that some results of the present investigation are significantly different by virtue of a low-temperature phase transition in Cr 3+ :K 2 NaScF 6 , revealed by Raman spectroscopy [20] , which diminishes its efficacy as a model system but introduces novel features of TPE spectra.
The material studied here, generously provided by GTE, has been included in several other investigations as well. Thermal quenching of luminescence, investigated by photoluminescence spectroscopy at both ambient pressure [21] and high pressure [22] , gave insights into crystal-field effects on non-radiative transition rates. Related theoretical investigations were conducted of lattice dynamics [23] , optical properties [24] and thermal quenching of luminescence [25, 26] .
Excitation spectra associated with two-photon 4 A 2g → 4 T 1ag and 4 A 2g → 4 T 2g transitions were monitored by one-photon 4 T 2g → 4 A 2g emission, as indicated in figure 1 . Second-order time-dependent perturbation theory can be used within the electric-dipole approximation for a single laser beam of frequency ω to derive an expression for the twophoton transition probability that exhibits quadratic dependence on the incident laser intensity, I 0 . The quadratic dependence of the emitted intensity I on the incident intensity I 0 was verified experimentally, thus confirming that excitation spectra were in fact two-photon spectra. Therefore, the signal was always normalized to I 2 0 during the experiment. Polarization anisotropy in two-photon absorption (TPA), which was considered for all 32 crystallographic point groups by Bader and Gold [27] , was investigated as a function of wavelength for each of the TPE spectra recorded. The one-photon 4 T 2g → 4 A 2g emission spectrum was recorded in a separate experiment.
Experimental aspects
Parity-allowed TPA transitions have cross sections that are typically in the 10 −51 to 10 −54 cm 4 s range [28] . High peak powers were therefore needed if a significant amount of Cr 3+ emission was to be generated. There was a one gigawatt per square centimetre upper limit for the excitation intensity because of the crystal's damage threshold. The design of the experiment was then dictated by keeping the power below the damage threshold but large enough to produce a signal-to-noise ratio in excess of 2:1.
The complete apparatus, shown in figure 2 , was based on a Nd:YAG-pumped tunable dye laser passing through a hydrogen gas filled Raman shifter. The first order shift was used to investigate the 4 A 2g → 4 T 1ag band while the second-order shift provided the excitation for the 4 A 2g → 4 T 2g band. The photon energy of the output beam was shifted by a constant 4155 cm −1 in the first order and twice this amount in the second order. The second harmonic of a Quanta-Ray DCR-11 YAG laser, with a nominal pulse duration of 10 ns, was the pump source for a three-stage wavelength tunable dye laser built specifically for this experiment. The dye laser tuning range required to cover both transitions was 595 to 700 nm. The dyes used were Rhodamine B, Rhodamine 640, DCM and LD688, all purchased from Exciton Inc. Concentration and solvent shifting of the tuning ranges were used to assure the peak dye laser power stayed at least a factor of two over the Raman shifter threshold.
The Quanta Ray RS-1 Raman shifter converted this tuning range to 790 to 987 nm and 1178 to 1670 nm. The linewidth of the dye laser was calculated, based on the Littrow design, to be approximately 0.15 cm −1 . This linewidth was maintained as the beam passed through the Raman shifter. The RS-1 used a Pellin-Broca prism to separate the different orders. The inherently dispersive nature of this element caused movement of the beam as the dye laser wavelength was scanned. To compensate for this a stepping motor was attached to the micrometer drive of the prism table and the computer kept the infrared beam stationary.
Achromatic polarization rotation was achieved by using a matched pair of Fresnel rhombs. Through the careful alignment of the retroreflected spots, as viewed with an IR scope, the rhombs could be rotated without deflecting the laser beam. This was essential to eliminate any effects caused by beam wander in the crystal or on the reference detector.
The crystal was held by an oxygen-free-copper spring mount at a temperature of 10 K in an APD displex model DE202. The crystal was x-ray oriented and held with the 001 direction parallel to the optic axis. Emission was collected along the 100 direction. Poor mechanical properties of the crystal prevented the use of a thermally conducting epoxy so Wakefield 120 paste was utilized.
The crystal can only radiatively emit from the 4 T 2g state because absorption into the 4 T 1ag and other higher states decays non-radiatively into the lower 4 T 2g state. Therefore the simultaneous absorption of two photons into any state was detected by collecting the 4 T 2g → 4 A 2g emission. The Hamamatsu 928R photomultiplier tube used to collect emission was therefore fitted with a stack of broadband filters to allow as much signal as possible without passing scattered excitation or stray pump light. The filter stack passed approximately 40 nm, from 680 to 720 nm.
The detection electronics consisted of a computer-controlled Stanford Research System dual-channel gated photon counter, model SR400, and two gated integrators, model SR250. The photon counter, triggered by the DCR-11 Q-switch synchronization pulse, counted current pulses corresponding to emission photons in two 600 µs windows. The windows and the delays were chosen because the measured emission lifetime was 580 µs [21] . The first time window, starting 10 µs after the laser pulse to avoid stray light and RF pickup in the photomultiplier preamplifier, was still within the first lifetime. The second window was delayed by 4 ms and was used for the background measurement because the small emission signal had decreased into the background dark current by this delay. The two-photon excitation signal was then the difference of the photon counts in the two windows calculated after each laser pulse.
Two gated integrators were used to measure the laser intensity and reference output of a Germanium Power Devices GM-4 photodiode, sensitive in the infrared from 0.8 to 1.8 µm.
After each laser pulse the laser intensity was calculated as the difference of the two gated integrator outputs.
Two hundred measurements were appropriately normalized, and then averaged for each data point. Normalization consisted of dividing the background-corrected emission signal by the square of the background-corrected laser intensity on a shot-by-shot basis.
To ensure that the dye-laser wavelength was scanning correctly and that the damage threshold was not being approached, data were taken in 10-15 nm increments. The resulting spectra were overlapped and spliced together, by matching magnitude and slope, to form a complete two-photon excitation spectrum of each band for each polarization orientation. This 'cut and paste' technique avoided the anomalies introduced into nonlinear optical spectra by mode and pulse width changes near the end of dye tuning curves [29, 30] .
In a separate experiment, the emission spectrum of Cr 3+ :K 2 NaScF 6 was recorded with the sample maintained at 2.1 K. One-photon excitation was provided by the 457.9 nm line of a Spectra Physics 2025-5 argon-ion laser. Dispersion of the sample luminescence was performed by a Spex 1404, 0.85 m double monochromator equipped with Bausch and Lomb 110×110 mm 2 , 1800 grooves mm −1 holographic gratings. The spectrometer entrance and exit slit widths were each set at 50 mm with the two internal slits both at 600 mm. Luminescence was detected by an RCA 31034C GaAs photomultiplier tube. Current from the photomultiplier tube was converted to a proportional voltage by a Keithley 610C electrometer and recorded by a strip chart recorder.
Experimental results

3.1.
4 T 2g → 4 A 2g emission spectrum
The full 4 T 2g → 4 A 2g fluorescence spectrum is shown in figure 3 . As in other low-field complexes, this is the only radiative emission of the Cr 3+ ion. Wavelengths and energies of the numbered peaks and their energies relative to the zero-phonon line are listed in table 1. The observed structure has been interpreted in terms of the normal modes of the CrF [31, 32] , with a very similar fluorescence spectrum, and confirmed by high-pressure photoluminescence [22] and Raman spectroscopy [20] . Although a distinct t 2g -mode peak was not observed, its existence was inferred from the observation of the t 2g line in the gallium elpasolite. From its position in that crystal, a peak corresponding to the t 2g mode was assumed to be the cause of the shoulder on the low-energy side of the scandium crystal t 2u line, and its position was crudely estimated. The t 2g mode has been observed separately in pressure dependent 2 E g → 4 A 2g emission [22] and Raman spectroscopy [20] . Interpretation of the data in those works yields a t 2g vibrational energy of 232 cm −1 , in close agreement with the 228 cm −1 estimated from the present low-temperature fluorescence spectrum. The emission spectra of the chromium-doped elpasolite Cr 3+ :K 2 NaGaF 6 was also recorded at the temperature of 2.1 K. Positions of the 4 T 2g → 4 A 2g resolved structure in that spectrum agree, to within the listed experimental uncertainty, with the line positions reported by Ferguson et al [31] . The scandium elpasolite undergoes a phase transition to lower than octahedral symmetry below room temperature, as evidenced by Raman scattering [20] . This phase transition is also manifest in a split zero-phonon line and split phonon replicas in the high-pressure, lowtemperature photoluminescence spectrum recorded at 6.3 GPa and 149 K [22] . The observed splitting is a consequence of the removal of orbital degeneracy in the 4 T 2g excited state, since the 4 A 2g ground state is orbitally non-degenerate. The two components of the zero-phonon line, which are separated by approximately 20 cm −1 , are of nearly comparable intensity at 149 K, since the higher-energy component of the excited state is thermally populated from the lower-energy component following optical excitation. However, at 2.1 K with the same splitting, the population of the higher-energy component would be diminished by six orders of magnitude relative to that of the lower-energy component; accordingly, no split zero-phonon line or split phonon replicas should be observable in figure 3 . The relatively large width and asymmetry of the zero-phonon line may be an indirect manifestation of the phase transition. Figure 4 is a complete two-photon excitation spectrum of the 4 A 2g → 4 T 1ag transition with the wavevector k and the electric field vectorη parallel to the 001 and 100 directions, respectively. Superimposed on the full spectrum in figure 4 is a 35-peak phonon progression, built on the zero-phonon line, with a spacing of 106 cm −1 . (Only ten of the 35 peak positions are indicated in figure 4 .) The observation of a progression with this number of phonon replicas is unusual because there is no apparent broadening as the number of involved phonons increases. Although a similar progression with 70 phonon replicas and a spacing of 55 cm −1 was observed in Mn 4+ :Cs 2 GeF 6 by Chien et al [33] , such extended progressions are inconsistent with conventional wisdom concerning multi-phonon side bands [34] . When electron-lattice coupling is strong, one expects a broad and symmetrical line shape, generated by overlapping multiple convolutions of a single-phonon side band. The observation of a large number of well resolved phonon replicas in the extended progressions suggests strong coupling either to a single local mode or to lattice modes with a very narrow single-phonon side band.
The 106 cm −1 spacing is attributed to a lattice mode involving prominent displacements of the next-nearest-neighbour potassium ions. If it is assumed that the involved ions are behaving as simple harmonic oscillators then frequencies of oscillation should differ by the ratio of the square root of the atomic masses. The 106 cm −1 potassium-ion lattice-mode energy then compares favourably to the caesium-ion lattice-mode phonon energy of 55 cm −1 reported by Chien et al [33] . The second progression evident in the 4 A 2g → 4 T 1ag spectrum has a spacing of 310 cm −1 . This energy could correspond to the t 1u mode shown in low-temperature emission experiments, but odd modes should not appear in TPE spectra. A more likely possibility is a lattice mode involving prominent displacements of the next-nearest-neighbour sodium ions. A more rigorous specification of the relevant normal modes is presented in the following paper (II).
The origin of the broad phonon side band is a split zero-phonon line with its components at 20 634 cm −1 and 20 797 cm −1 . This region of the spectrum is shown in figure 5 , enlarged and at a temperature of 4.2 K. Other experiments have resolved a quartet of zerophonon lines attributed to spin-orbit coupling [35, 36] , with spin-orbit splitting diminished by Ham reduction factors [37] associated with the dynamic Jahn-Teller effect [38] . Since the ratio of peak intensities in the present experiment is inconsistent with this interpretation, the zero-phonon splitting is considered to be the result of the low-temperature phase transition, which presumably suppresses spin-orbit splitting by quenching the orbital angular momentum. Figure 6 is a plot of the normalized integrated emission intensity of the more intense zero-phonon line at 20 797 cm −1 as a function of the angle between the polarizationη and the 100 direction for k parallel to 001 , with data obtained at 4
• intervals. The continuous curve in figure 6 is a plot of the expression
fitted to the data with parameters a = 3.1 and b = 4.2. The predicted polarization anisotropy for this transition [27] is given by equation (1) with a/b = 0; accordingly, the observed polarization anisotropy of the zero-phonon line is anomalous. Figure 7 is a comparative plot of TPE spectra taken with k parallel to 001 and withη parallel to the 100 and 110 directions. The spectra are presented with the areas of the zerophonon lines set equal, i.e. the polarization anisotropy has been removed from the zero-phonon line. Therefore, the deviation of the two different spectra at higher energy is indicative of a wavelength-dependent polarization anisotropy.
The Huang-Rhys factor, S, is a measure of the strength of electron-phonon coupling. It follows from equation (23) of (II) that the Huang-Rhys factor for linear coupling in a configuration-coordinate model is given by S = ln zero-phonon-line area total-sideband area (2) as explained in II. This approach yields experimentally determined values of S of 8.4 and 9.4 for the 100 and 110 polarized spectra, respectively.
3.3.
4 A 2g → 4 T 2g TPE spectrum Figure 8 is a comparative plot of the 4 A 2g → 4 T 2g spectra taken with k parallel to 001 and withη parallel to the 100 and 110 directions. It is evident from the equal amplitude spectra that the 4 A 2g → 4 T 2g transition exhibits little polarization anisotropy. It should be stated that this is not an electric-dipole-allowed transition for a two-photon single-beam experiment, according to the work of Bader and Gold [27] . It has been suggested that mixing of the 4 T 1ag and 4 T 2g states, via the spin orbit operator, yields a non-zero two-photon transition probability for the 4 A 2g → 4 T 2g band [32] . It is also possible that a low-temperature phase transition, known to exist in this compound, could be the method for enabling the 4 A 2g → 4 T 2g transition. However, the absence of a zero-phonon line in the present results makes these two possibilities unlikely.
Emission spectroscopy shows the 4 A 2g → 4 T 2g zero-phonon line is at 14 550 cm −1 . The lowest-energy feature of the 4 A 2g → 4 T 2g TPE spectrum shown in figure 8 is a shoulder approximately 450 cm −1 above this, attributable to an e-mode false origin. The t 2g mode would also enable a two-photon transition but its energy, 228 cm −1 , does not match the recorded spectra.
Two features that appear in the two-photon spectra are the Fano-antiresonances associated with the 2 E g and the 2 T 1g states. While these have been seen in one-photon experiments [39] where the narrow 4 A 2g → 2 E g and 4 A 2g → 2 T 1g spectra overlap the broader 4 A 2g → 4 T 2g spectrum, it is believed that this is the first such identification in a TPE experiment.
There is a progression of broad peaks in the band with a spacing of roughly 500 cm −1 . Because no mode of the CrF 3− 6 octahedron has this energy, the progression is ascribed to an unresolved superposition of progressions of the local e g and a 1g modes with comparable amplitudes. These phonons have ground state vibrational energies of 451 and 541 cm −1 respectively. The average energy, 496 cm −1 , is comparable to the spacing in figure 8 . There is no apparent coupling to the t 2g mode.
Conclusion
Complete two-photon excitation spectra were recorded for the 4 A 2g → 4 T 1ag and 4 A 2g → 4 T 2g transitions in Cr 3+ :K 2 NaScF 6 . Each transition was investigated with k parallel to 001 and with two polarizations,η parallel to 100 and 110 , at a temperature of 10 K. The 4 A 2g → 4 T 1ag spectra reveal interesting and previously unexplained effects. A phasetransition-induced 163 cm −1 splitting was recorded for the zero-phonon line. Superimposed on the side band was a 35-peak phonon progression with a spacing of 106 cm −1 , as well as a progression with a spacing of 310 cm −1 . The experiments also showed that the side band does not possess the same polarization dependence as the zero-phonon line.
The phonon side band of the two-photon 4 A 2g → 4 T 2g spectrum, lacking a zero-phonon line, originates on an e g -mode false origin, consistent with the forbidden nature of the purely electronic transition [27] . The generally symmetric excitation spectra possess a single distinct 500 cm −1 progression that has been assigned to a nearly equal coupling of the a 1g and e g local modes. The apparent polarization anisotropy and anomalously extended phonon progressions of the 4 A 2g → 4 T 1ag spectra are not present in these spectra. The coupling to a t 2g mode is also lacking. The present paper has described the experimental techniques utilized and the data obtained; the following paper (II) develops a theoretical framework for the analysis of these results.
